Resource allocation trade-o¡s during development are potentially very important in the evolution of organism morphology and life-history strategy. However, they have rarely been demonstrated empirically. To what extent the division of limited resources between growing organs is a consequence of particular developmental pathways or varies strategically in line with life-history predictions is unknown. It has been demonstrated in a number of holometabolous insects that altering the resources available at pupation changes the pattern of allocation to adult tissues, but this has not been examined in a life-history context. Using caddis £ies (Trichoptera), we show here that the e¡ect of depleted larval resources on the pattern of somatic and reproductive investment is not ¢xed but varies between species with di¡erent lifehistory patterns. In particular, we demonstrate that, in a long-lived species, thorax size is preserved, which contrasts with the pattern previously observed in a short-lived species. That the adult body can be di¡erentially altered by the same resource depletion in the larvae demonstrates that the allocation of resources amongst body parts is not a consequence of ¢xed pathways during development. Rather, the allocation of resources during development can occur in a manner consistent with the minimization of the e¡ects on adult ¢tness.
INTRODUCTION
Trade-o¡s involving the partitioning of ¢nite resources between developing body parts have important consequences for the evolution of both morphology and lifehistory strategies (Trumbo 1999) . The incorporation of resources into one structure precludes their allocation to another, thus determining the size and composition of di¡erent tissues and organs during growth (Stern & Emlen 1999) . In addition, for species that have more than one life-history stage, allocation decisions in one part of the life cycle can also a¡ect the amount of resources available for producing subsequent forms.
Many holometabolous insects, in particular butter£y species (Lepidopterans), have proved very useful in examining such developmental decisions (Gage 1995; Nijhout & Emlen 1998) . Adult body structures grow from imaginal tissues after the cessation of larval feeding using the resources accrued during the larval stage (Williams 1980) . Adult feeding is very often minimal or nonexistent, which means that individuals are largely dependent on their larval reserves for reproduction. The majority of the adult body is made up of the abdomen, thorax and wings. The abdomen consists almost entirely of the reproductive organs and reproductive reserves (Boggs 1981) . The abdomen size in freshly emerged individuals therefore provides a good index of their reproductive allocation (Boggs 1981) . Somatic allocation is indicated by the resources in the rest of the body, which mainly comprises the thorax, and the relative thorax mass is positively correlated with adult longevity (Karlsson & Wickman 1989) .
Thus, not only does allocation to reproduction versus soma in such insects occur in a closed system (the pupa), it can be readily measured by looking at the relative sizes of the thoraces and abdomens of emerging adults. Function and morphology are closely linked and the designs of such organisms are known to be adjusted to their particular life-history strategies (Boggs 1981) . Phylogenetic history will also determine the pattern of resource allocation during development to some extent (Stearns 1989 ) and individuals will also be constrained by developmental mechanisms (canalization). However, to what extent morphological investment can be altered in line with predicted adult needs, albeit within some physiological limits, is still unclear. One way of testing this is by manipulating the resource levels available at pupation and examining the e¡ect on resource allocation within the adult form. Further, comparing the outcome of the same manipulation across closely related species likely to share the same developmental processes but which di¡er in key aspects of their adult life history may help us determine whether the observed outcome is ¢xed by developmental constraints or can be altered in line with strategic allocation decisions.
Caddis £ies (Trichoptera) are closely related to the Lepidoptera and together they constitute the superorder Amphiesmenoptera (Morse 1997) . The larvae are found in a wide range of aquatic habitats and many build a defensive case from particles of substrate held together with silk, a proteinaceous material (Wallace et al. 1990) . Silk is a highly expressed protein and is relatively costly to synthesize (Craig et al. 1999) . In a previous study (Stevens et al. 1999) , we induced larvae of the casebuilding caddis £y Odontocerum albicorne to expend more silk. The larval food acquisition did not change and, thus, the resources available at metamorphosis were reduced. The resultant adults had smaller wings and thoraces than control individuals, but their abdomen size was maintained. The observed adult form could have arisen through constraints on the pupal resource allocation pathways, possibly because the resources from the silk glands are`committed' to the thorax area due to spatial or temporal proximity during development (Nijhout & Emlen 1998) . Alternatively, given that adults of this species are very short lived and mate soon after emergence, the preservation of their abdomen size may represent strategic preservation of potential fecundity at the expense of their (post-reproductive) life span. If this is so and the resource allocation pathways in development are not ¢xed, we would expect that, in a relatively long-lived caddis species, investment in the soma (thorax) would assume a greater importance. We would therefore predict that such a species, when faced with depletion of larval resources, would be more likely to maintain the thorax at the expense of abdomen size.
In order to test this prediction, we carried out a larval resource depletion experiment on Glyphotaelius pellucidus. Adults of this caddis species live for many months, with mating and egg laying occurring towards the end of this period (Svensson 1972) . A signi¢cant reduction in allocation to the thorax could therefore have severe consequences in this species since, being linked to longevity, this would increase the probability of death prior to reproduction.
METHODS
Glyphotaelius pellucidus larvae are found in lentic waters, many of which are temporary (Wallace et al. 1990 ). The larvae are almost exclusively herbivorous (Slack 1936) . Their occurrence in ephemeral habitats is associated with a short larval stage (seven months) and a relatively long adult stage of four months, including an ovarian diapause (Svensson 1972) . This is in contrast to the stream-dwelling O. albicorne, which has a much longer larval stage (ten months) and an adult life span of less than two weeks. Adult G. pellucidus can potentially take in liquids such as water or nectar (Crichton 1992 ), but observations of adult caddis £ies feeding are rare.
The methods used with O. albicorne can be found in Stevens et al. (1999) and similar methods were used here. Forty-eight, ¢fth-instar G. pellucidus larvae were collected on 18 March 1998 from the margin of a small loch at the University Field Station, Rowardennan, Loch Lomond, Scotland, where the experiment was also performed. All larvae were removed from their cases and weighed before being randomly allocated to the control and experimental groups. There was no di¡erence in the larval mass between the groups or sexes at this point (general linear model (GLM), sex F 1,47ˆ1 .77 and p 4 0.05, group F 1,47ˆ0 .72 and p 4 0.05, and sex £ group interaction F 1,47ˆ0 .45 and p 4 0.05). The control larvae were placed back into their cases. The experimental larvae were not and thereby formed a caserebuilding group. Rebuilding the larval case causes a signi¢cant increase in silk expenditure (Stevens et al. 1999) . Each individual was placed into its own pot within a recirculating £ume. Oak (Quercus sp.) leaves from the collection site were added to each rebuilder's pot for use as building material. Oak leaf litter is predominant where the larvae were collected and is used as both a food source and as the case material. Larvae do not feed whilst rebuilding and, once all experimental animals had rebuilt a new case, four squares (20 mm sides) cut from oak leaves were provided as food for individuals of both groups. Their food intake was recorded (so as to ascertain whether the manipulation a¡ected resource acquisition) and eaten leaf squares were replaced every other day.
Larvae were considered to be in pupation once they had closed o¡ the opening of their case with the characteristic silk`sieve membrane' (Hickin 1967) . The pupae were placed into trays covered by a net and situated in the same £ow-through tank.This procedure allowed the adults to be collected from each group upon emergence. The adults emerged overnight and were collected the next day. Individuals were killed by freezing and were kept as such until the following measurements were taken: fresh mass, forewing length and both abdominal and thoracic dry mass and nitrogen content. Their masses were measured on a Sartorius Supermicro balance (Sartorius, Go« ttingen, Germany) to the nearest 0.0001mg and wing length was measured using a microscope with an ocular micrometer to the nearest 0.1mm. Thorax^abdomens were dried to constant mass in a drying oven at 60 8C and then separated. The nitrogen content of the thoraces and abdomens was measured using a Carlo Erba 1106 elemental analyser (CE Instruments, Milan, Italy).
All data were analysed using GLMs. Their food intake values were measured using a log 10 (x + 1) transformation. To take into account any e¡ect of body size, wing length and the mass of the dry abdomens and thoraces were ¢rst regressed against the total fresh body mass for the controls and the residuals of both groups from this relationship were used in the GLM. In order to examine the variation in the proportional nitrogen content in the body parts, the nitrogen contents were ¢rst regressed against the dry mass of the speci¢c body part and these residuals used in the analyses.
RESULTS
There was no e¡ect of the manipulation of larval resources on the mean number of leaf squares eaten per day by larval G. pellucidus although, in both the controls and rebuilders, males consumed more than females over the course of the experiment (sex F 1,47ˆ5 .33 and p 5 0.05, group F 1,47ˆ0 .15 and p 4 0.05, and sex £ group interaction F 1,47ˆ0 .00 and p 4 0.05). While there were di¡erences in the size of the body parts between adult males and females, the pattern remained consistent in the control and rebuilding groups and there was no interaction between sex and group for any of the analyses (p 4 0.41). Figure 1 shows the e¡ect of the manipulation on the adult G. pellucidus morphology. There was no di¡erence between the control and experimental groups in dry thorax mass, although females consistently had larger thoraces than males. Females also had longer wings. However, in contrast to the thoraces, the wings were a¡ected by the manipulation and were shorter in both sexes within the rebuilding group. The abdomen masses did not di¡er between the sexes but, like the wings, were relatively smaller in rebuilding individuals. The nitrogen composition of the tissues did not change signi¢cantly in either the thoraces (sex F 1,46ˆ2 .46 and p 4 0.05, and group F 1,46ˆ1 .12 and p 4 0.05) or abdomens, although male abdomens had a signi¢cantly greater percentage composition of nitrogen than female abdomens (sex F 1,47ˆ2 6.10 and p 5 0.001, and group F 1,47ˆ3 .15 and p 4 0.05).
DISCUSSION
Silk production can be a considerable drain on resources for a number of invertebrates (Dudgeon 1987; Jakob 1991; Berenbaum et al. 1993 ) and rebuilding of a new case by larval caddis £ies has been found to cause a substantial increase in silk production (Stevens et al. 1999) . When this occurs just prior to pupation and is not accompanied by any compensatory increase in resource acquisition, it results in a reduction in the resources (particularly protein) available for building the adult form. In this study, increased larval expenditure of silk by ¢fth-instar larvae of G. pellucidus was not associated with any increase in larval feeding and was observed to give rise to adults in which the components of the body were reduced in size. These results provide further empirical support for a trade-o¡ between larval defence and adult resource allocation, as was also demonstrated via the same manipulation in the caddis £y O. albicorne (Stevens et al. 1999) . However, the magnitude of the e¡ect on di¡erent components of the adult form di¡ered markedly between the two species. The thorax size was relatively una¡ected in G. pellucidus in contrast to the reduced investment in abdomens and wings, whereas in O. albicorne the pattern was reversed, manipulated individuals tending to preserve their abdomens and reduce investment in their thoraces and wings (¢gure 2).
Competition between growing body parts for limited resources is expected on theoretical grounds (Nijhout & Wheeler 1996) , but has rarely been demonstrated empirically (Trumbo 1999) . Various mechanisms have also been proposed as to how this competition might create the allometric relationships that occur between developing body parts (Stern & Emlen 1999) . However, the extent to which the outcome is a consequence of mechanistic developmental constraints or free to be shaped by life-history requirements has remained unknown (Trumbo 1999) . Following removal of the imaginal discs that give rise to the hindwings in the caterpillar Precis coenia, a compensatory increase in size was seen in the forewings, thorax and forelegs but not the head or abdomen of manipulated adults (Nijhout & Emlen 1998) . Based on these results, the authors suggested that the`partners' within such allocation trade-o¡s may be determined by their spatial or temporal proximity during development. That is to say, increased allocation to a particular body part will decrease the allocation to a body part that is developing nearby or at the same time. If constrained by such resource pools' during development, we would expect that the outcome of a particular depletion in closely related species would be the same. However, this is obviously not the case for the caddis £ies studied here (¢gure 2).
The underlying physiological basis of metamorphosis and associated developmental pathways are likely to be very similar in these caddis species (Odell 1998) . Their life-history patterns di¡er markedly, however, and the pattern of resource allocation during metamorphosis appears to be directly in line with predicted adult requirements. The abdomen and, thereby, reproductive investment was preserved in the short-lived O. albicorne at the expense of investment in the thorax, while the reverse was the case in the long-lived G. pellucidus (¢gure 2). Preserving thoracic investment will maintain longevity (Karlsson & Wickman 1989; Gage 1995 ). This will be crucial in a species such as G. pellucidus, which has a very long adult life span that is considered to be an adaptation to the loss of suitable larval habitats during the summer (Svensson 1972) . This species mates and lays eggs towards the end of summer and, thus, survival over a relatively long period is vital for successful reproduction.
The observed reduction in abdominal allocation is likely to be re£ected in a reduced reproductive output in G. pellucidus when breeding does occur, since the abdomen comprises largely reproductive tissues. However, there are ways in which reproductive allocation could be improved during the relatively long adult life of G. pellucidus. Many insects hydrolyse their £ight muscle as they age in order to provide nitrogen for reproduction (Karlsson 1994 ) and females may also be able to incorporate nitrogenous resources obtained through matings into their reproductive reserves; such processes could redress the reduced reproductive potential somewhat (Boggs 1990; Vahed 1998) . This may well be the case here, as male abdomens have a greater nitrogen content than female abdomens, which could be due to protein-rich male spermatophores. If thoracic tissue cannot be added to after eclosion it may therefore be a better strategy to conserve somatic protein investment when faced with diminished resources during metamorphosis if there is a chance of adding to the reproductive reserves later on. Adults may also be able to obtain additional energy from nectar feeding, although little is known about such energy dynamics. In contrast, the very brief adult life span of O. albicorne, coupled with the fact that these adults emerge with their lifetime supply of gametes already formed, means that maximizing the gamete production potential of adults at eclosion is likely to be more important in maximizing reproductive success.
There are probably various physiological, aerodynamic and phylogenetic constraints that keep the relative investment in di¡erent body parts within viable limits. The observed e¡ect of the reduction in resources on adult morphology appeared slightly more di¡use for O. albicorne (¢gure 2). This may be a consequence of it expending more larval silk, as its sand grain case requires a greater investment compared to the organic case of G. pellucidus (Otto & Svensson 1980) . There may be a point where investment in a body part cannot be reduced any further and still retain viability and investment in other body parts then becomes a¡ected. Wing size was reduced to some extent in both species, which may re£ect a more generalized e¡ect on the adult body. However, the extent to which this in£uences £ight performance is unclear, since their wing loading may have decreased due to the associated loss of body mass (Karlsson 1994) . In any event, maintaining £ight ability may be of lesser importance as most caddis £y species are reluctant £iers (Hickin 1967) .
Clearly, the precise nature of developmental trade-o¡s will be in£uenced by a number of di¡erent factors. Most importantly, the results of this study on caddis £ies demonstrate that depletion of the resources available at pupation does not alter the adult body form in a ¢xed manner, as would be expected if this were entirely governed by developmental pathways. Rather, the way in which the adult body form is altered is £exible. Our results suggest that this is in line with predictions based on life-history theory and a comparative study across a broad range of species could be used to examine this further.
Proc. R. Soc. Lond. B (2000) Figure 2. The magnitude of the e¡ect of depleted larval reserves on the subsequent adult thorax or abdomen size in two caddis £y species with contrasting life histories. The data are combined for males and females and are presented as the percentage decrease in the mean mass of the rebuilding group compared to that of the respective control group. The thorax rather than the abdomen was most a¡ected in O. albicorne, while the reverse was true in G. pellucidus. For details of G. pellucidus see the text and for details of O. albicorne see Stevens et al. (1999) .
